The transition quadrupole moments, Q t , of rotational bands in the neutronrich, even-mass 102−108 Mo and 108−112 Ru nuclei were measured in the 8 to 16 spin range with the Doppler-shift attenuation method. The nuclei were populated as fission fragments from 252 Cf fission. The detector setup consisted of the Gammasphere spectrometer and the HERCULES fast-plastic array. At moderate spin, the Q t moments are found to be reduced with respect to the values near the ground states. Attempts to describe the observations in mean-field-based models, specifically cranked relativistic Hartree-Bogoliubov theory, illustrate the challenge theory faces and the difficulty to infer information on γ softness and triaxiality from the data.
Evidence for the presence of a stable triaxial nuclear shape has thus far mainly been inferred from spectroscopic data at high spin. Recent examples are the observation of wobbling bands in the rare-earth region [1] and of chiral structures in the lanthanide region [2] . Another, earlier example of the presence of a triaxial shape is associated with the smooth terminating bands in the tin region. These are understood as corresponding to a gradual change, over a large spin range, from a prolate shape through the triaxial plane toward an oblate, non-collective shape [3] . Another testing ground for asymmetric shapes is thought to be the Zr-Mo-Ru region of neutron-rich nuclei (neutron number N ≥ 60). This is due in part to the presence at low excitation energy of bands built on a γ-vibrational state, an observation [4] suggesting that the potential energy surface (PES) of these nuclei is soft or unstable with respect to the deformation parameter γ. This parameter measures the degree of triaxiality of a quadrupole nuclear shape, which is only symmetric if γ is a multiple of 60
• (e.g., prolate for γ = 0 • , 120 • ). However, there is at present considerable uncertainty on this issue despite the increasing available information on level schemes [5] and lifetimes [6] . In fact, the data on ground-state bands in the nuclei of interest appear consistent with the rotation of a prolate or near-prolate shape accompanied by the usual alignment of a pair of nucleons at medium spin.
It should be pointed out that the near-yrast structure of the nuclei of interest cannot be interpreted in terms of either wobbling or chirality. The known transitions linking excited-and ground-band levels are predominantly of the ∆I = 2 and ∆I = 0 type, in contrast with the selective ∆I = 1 linking transitions associated with wobbling motion. Furthermore, the alignment properties exhibited by the excited and the ground-state bands differ significantly, while they are essentially indistinguishable in the case of wobbling. The presence of chiral bands indicates that the excited configuration, on which these bands are built, is associated with a triaxial shape. It has been suggested that the off-yrast structure of 110,112 Ru may contain candidates for such bands [7] . However, for γ-soft nuclei, the PES of an excited configuration and of the vacuum configuration will be different, due to the deformation driving properties of the orbitals in the former configuration and to differences in pairing. Hence, the presence of chiral bands at moderately high spin does not imply the onset of triaxiality near the ground state.
In this letter, transition quadrupole moments, Q t , in the even-mass nuclei 102−108 Mo and 108−112 Ru are reported. The Q t values are the result of lifetime measurements using the Doppler-shift attenuation method (DSAM). The measurements cover a large number of transitions in the respective groundstate bands, in the 6 ≤ I ≤ 18 spin range, and a number of transitions in the γ bands. The data sets are augmented by Q t values from the literature, including lower-spin transitions accessible by the recoil-distance Doppler-shift method. The Q t values and the moments of inertia are compared with the results of cranked relativistic Hartree-Bogoliubov calculations with approximate particle-number projection by means of the Lipkin-Nogami method (called CRHB+LN hereafter) [8] . The goal of the study is to examine possible signatures for a shape change in the ground-state band as a function of spin, herewith addressing the possibility of a rotation-induced triaxial shape. The comparison between the data and the calculations also addresses two related issues: the recent prediction of a stable triaxial ground state [9] , and the predicted competition between a prolate and an oblate shape near the ground state [10] and in the ground-state band [6] .
As was the case in Ref. [6] , neutron-rich nuclei in this mass region were populated via spontaneous fission. A 230-µCi 252 Cf source, mounted on a Pt backing of thickness 440 mg/cm 2 , was used. The source was covered by a 240-µg/cm 2 Au foil. The experiment ran for 18 days with a detector combination consisting of 98 Compton-suppressed Ge spectrometers of Gammasphere [11] and the HERCULES array. This array of 64 fast-plastic detectors was designed as an evaporation-residue counter for in-beam studies [12] . In the present experiment, HERCULES served a two-fold purpose: (i) It helped to determine the fission axis, thereby providing an orientation axis for the emission angles of the γ rays from fission fragments detected in Gammasphere. (ii) It provided an efficient way to gate on either the light-or heavy-mass fragment, based on the measured pulse height and time-of-flight with respect to the γ-ray flash. A total of 2.1 · 10 9 fragment-γ 4 quintuple coincidence events were recorded.
Item (i) above is of importance as it enables DSAM lifetime measurements with the usual approach; i.e., the analysis of asymmetric line shapes can be performed, in contrast to the situation in Ref. [6] . The fission axis coincides with the line between the source position and the HERCULES detector that is hit by a fragment. The velocity vector of the complimentary fragment, slowing in the Pt backing and emitting the γ ray of interest, is collinear with this line (due to momentum conservation). The emission angle of the γ ray of interest with respect to the fission axis is denoted by ξ. Examples for angle-sorted γ-ray coincidence spectra gated with the heavy-mass fragment are displayed in Fig. 1 ; more details are presented elsewhere [13] .
The line shapes for the various transitions are fitted with the code of Ref. [14] and lifetimes are extracted. The light 252 Cf fragments have an average initial velocity of 0.046c. For the slowing of the ions in the Pt backing, the stopping powers of both the SRIM package [15] and the Northcliffe-Schilling description [16] were considered. The two treatments differ in stopping powers by about 11%. This difference, along with uncertainties in the initial velocity and the transition energy, were incorporated into the systematic uncertainty for each extracted lifetime. The results are reported in Table 1 ; they deal only with stretched E2 transitions.
From the measured lifetimes, the reduced transition probabilities, B(E2), were derived. These were translated into Q t values according to the expression
where the term in brackets is a Clebsch-Gordan coefficient determined by the spin I and the K principal quantum number of the initial (i) and final (f ) state. Appropriate error propagation was taken into account. For some of the transitions in a γ band, the partial lifetimes according to the intensitybranching ratios reported in Ref. [5] (or in a footnote of Table 1 ) were used. For all transitions in a γ band, K i = K f = 2 was adopted. These values are confirmed [13] by ratios of measured B(E2) values for different γ-band to ground-state-band transitions from the same initial state according to the Alaga rules [18] . The present discussion focusses on the ground-state bands and starts with their alignment features. These are depicted in Fig. 2 in terms of the kinematic and dynamic moments of inertia as a function of rotational frequency. The 106 Mo and 108 Mo nuclei have essentially the same characteristics and the latter case is omitted for brevity. As indicated by the shaded area in each plot, the spin range where Q t values are now available, overlaps in part with the band-crossing region. In 104 Mo, for example, this region is centered around ω = 0.4 MeV and I = 12. In all nuclei under discussion, the rise of the moments of inertia is attributed to the rotational alignment of a pair of h 11/2 neutrons [19] .
The Q t values, as a function of spin, for the in-band transitions in 102−108 Mo and 108−112 Ru are provided in Fig. 3 with full symbols. They are combined with previous results from the literature [5, 6] Mo. Hence, the decrease in the Q t values seems more severe in the Ru isotopes than in the available Mo nuclei. This observation suggests a dependence of Q t (I) on Z and N. It is worth noting that a reduction of Q t moments with increasing spin is also seen in 74 Kr [20] and in the rare-earth region [21] . In these nuclei, this reduction has been interpreted as being due to a γ soft PES polarized by rotation-aligned quasiparticles inducing a triaxial shape.
As stated above, the Mo and Ru nuclei under investigation are thought to be characterized by γ-soft energy surfaces and their successful description would be expected to use mean-field based models. Unfortunately, as discussed in Sec. 4.1. of Ref. [9] , no consistent picture emerges from the model calculations and different methods reach different conclusions. These calculations face two principal difficulties. First, strong shape variations with Z and N are expected that can be attributed to shell effects in the singleparticle spectrum. Hence, the results depend sensitively on the adopted single-particle energies, the accuracy of which is model and parameter dependent [22, 23] . Second, the results of calculations strongly depend on the treatment of pairing as exemplified below.
In this letter, the covariant density functional theory of Ref. [8] is applied. The first task was to perform PES calculations as a function of the γ degree of freedom and the quadrupole-deformation parameter β 2 . This was done for selected Mo isotopes with a code for triaxial relativistic mean-field theory plus BCS with separable pairing (called RMF+BCS hereafter). The second task was to calculate the alignment and deformation properties of the bands and this was done within the CRHB+LN approach [8] , where the Gogny D1S force was used in the pairing channel. This code does not have constraints on the diagonal and off-diagonal elements of the quadrupole-moment tensors, Q 22 and Q 20 . As a result, the solution is restricted to local minima; i.e., the observables of interest, Q t and ℑ (1) , are calculated at the equilibrium deformations of these minima, which change with frequency. In both calculations the NL3* parametrization of the RMF Lagrangian [24] was used.
A sample result of the triaxial RMF+BCS calculations with NL3* is shown in Fig. 4 . The PES plot illustrates the γ softness in this case. An oblate minimum and a shallow excited prolate minimum are seen. In contrast, axial RMF+BCS calculations [25] with the NL3 parametrization of the Lagrangian predict the prolate minimum to be the lowest in 102,104 Mo, whereas the oblate one becomes the lowest in the heavier Mo isotopes. However, CRHB+LN calculations with the NL3 parametrization suggest that the oblate minimum is lowest by 20 and 240 keV in 102,104 Mo, respectively. These examples indicate that the energy surfaces strongly depend on the treatment of pairing.
The results of the CRHB+LN calculations are first compared with the experimental ℑ
(1) moments in Fig. 2 . The ground states of 102,104,106 Mo are calculated to be triaxial (γ ∼ −44
• ), near-oblate (γ ∼ −53 • ), and oblate, respectively. These solutions are energetically favored in the calculations. However, they fail to reproduce the rise of the ℑ (1) moments with frequency. In Fig. 3 , the triaxial and oblate solutions are represented by a full curve. Substantial shape changes take place in the associated configurations with increasing spin: the β 2 deformation increases while γ drifts towards −30
• . The latter feature is pronounced in 104 Mo, where γ ∼ −30
• is reached at I ∼ 4 and the Q t value rises accordingly. This prediction is in conflict with the data, including the new Q t values, which show the opposite trend. A similar situation occurs in the Ru isotopes. Thus, the interpretation of the alignment and deformation properties of the observed bands in terms of collective motion associated with oblate and near-oblate shapes faces substantial difficulties. It turns out that it is also impossible to describe the radii of neutron-rich Mo nuclei with such shapes [10] .
The alternative is to associate the observed bands with a prolate minimum, although it is an excited one in Fig. 4 . The CRHB+LN calculations indicate that, without constraining the Q 20 and Q 22 moments, the solution in the local prolate minimum becomes unstable when ω increases. Only in the case of 104 Mo is a solution obtained over a significant frequency range. Figures 2 and 3 indicate that the CRHB+LN prolate solution in 104 Mo, represented by dashed, green curves, provides a good description of the ℑ (1) moment and the band-crossing frequency as well as the Q t values for I ≤ 8. The downslope of Q t with increasing I is reproduced and is attributed to a combined decrease in β 2 and increase in γ deformation induced by rotation. For the other nuclei, the prolate solution is only stable at the lowest ω val-ues. The ℑ (1) and Q t values extracted from these minima agree rather well with experiment, though in a limited range of frequency and spin. Due to this limitation, the trends in the predicted low-spin and measured high-spin Q t values are, in the case of 106 Mo and 110 Ru, not comparable. They can, however, be viewed as complementary. It is worth noting that the current Q t data are covering the band-crossing region; this spin range disappears in the cranking calculations performed as a function of ω if the calculated crossing is sharp [26] .
The trend seen in the data appears to be consistent with rotation associated with a near-prolate shape below the band crossing. Above it, a significant excursion into the triaxial sector may be present according to the current CRHB+LN calculations. These data represent a challenge for theoretical calculations based on mean-field models. This is demonstrated here within the CRHB+LN framework. The predicted oblate shape and a lowspin triaxial shape with γ ∼ −44
• are ruled out by the data. For some of the nuclei viz.
104 Mo, the calculations with the prolate minimum reproduce the observations, but reliable predictions with such a minimum cannot be made for all the nuclei discussed. For nuclei with a very soft PES, a description on the mean-field level may not be adequate and methods beyond mean field may be required [27, 28] , as correlations due to configuration mixing and angular-momentum projection can affect the relative energies of the various minima. However, such methods also depend sensitively on the underlying single-particle structure which remains model and parameter dependent [27] . Thus, description within such a framework will not necessarily provide reliable results. In addition, the description of rotational spectra requires the use of a phenomenological scaling factor for the moments of inertia, as timeodd mean fields are neglected in the current realizations of these methods [28] .
In conclusion, Q t moments up to I = 16 − 18 have been obtained for the 102−108 Mo and 108−112 Ru even, neutron-rich isotopes. A systematic decrease of the Q t moments with spin is observed. The available data remain a challenge for theory to explain. Ru for which Q t values are obtained. Spin-parity assignments and transition energies are adopted from Ref. [5] . Intensities are from the present work and are given relative to I γ ≡100 for the corresponding 8 + 1 → 6 + 1 transition. Lifetime and Q t -value uncertainties contain both statistical and systematic errors. 
